The Pro 12 Ala (P12A) variant of exon B of the peroxisome proliferator-activated receptor ␥ 2 (PPAR␥) been variably associated with obesity, insulin sensitivity, diabetes, and dyslipidemia, but its role in insulin resistance-associated traits remains uncertain. We tested the hypothesis that this variant is associated with the insulin resistance syndrome by genotyping 619 members of 52 familial type 2 diabetes kindreds. A subset of 124 family members underwent iv glucose tolerance tests and minimal model determination of insulin sensitivity. We estimated the frequency of the A12 allele as 0.12, within the range observed in random Caucasian samples. We were unable to demonstrate any effect on direct measures of insulin sensitivity, and no trait was linked to markers near PPAR␥ on chromosome 3q. However, body mass index, serum total cholesterol levels, triglyceride levels, systolic and diastolic blood pressures, and glucose concentration showed at least a trend to association (P Ͻ 0.1) when tested separately for a family-based association. When these 6 traits were included in a multivariate analysis, body mass index, systolic and diastolic blood pressures, triglyceride levels, and glucose concentration remained significantly associated with the P12A variant (P Ͻ 0.05), whereas the effect of P12A on liability for diabetes was not significant. The predicted means for each trait and each genotype suggested that the P12A variant acted most like a recessive mutation, with the major effect among homozygous individuals who comprise only 1-2% of the population. We confirm an association of the P12A variant in traits commonly ascribed to the insulin resistance syndrome, but not with direct measures of insulin sensitivity. The tendency for this variant to act in a recessive manner with effects on multiple traits may explain the inconsistent associations noted in previous studies. (J Clin Endocrinol Metab 86: 536 -541, 2001) 
I
NSULIN RESISTANCE IS a well established component of the pathogenesis of type 2 diabetes mellitus (T2DM) (1) , and in prospective studies insulin resistance both precedes and predicts the onset of T2DM (2) . Furthermore, insulin resistance is prevalent among family members of T2DM patients who are at risk for future diabetes (3) and is heritable (4 -6) . Despite the apparently pivotal role for inherited defects in insulin action in the pathogenesis of diabetes, candidate genes in the pathways of insulin signaling and insulin action, including glycogen synthesis, have not been widely implicated in diabetes susceptibility or inherited disorders of insulin sensitivity.
The peroxisome proliferator-activated receptors (PPARs) are members of the nuclear hormone receptor subfamily of transcription factors. The PPAR␥ subtype is involved in adipocyte differentiation and is the target for the thiazolidinedione class of antidiabetic drugs (7) , which appears to act primarily by increasing peripheral insulin sensitivity. PPAR␥ comprises two isoforms, PPAR␥ 1 and PPAR␥ 2 , which differ by 84 nucleotides and 28 amino acids at the 5Ј-end of the gene. Both isoforms are expressed in adipocytes, but PPAR␥ 2 expression is largely limited to adipocytes, appears to have 5-to 10-fold increased ligand-independent activation compared with PPAR␥ 1 , and may be the more important regulator of adipocyte differentiation and energy storage (7) . In recent studies mice heterozygous for inactivation of the PPAR␥ gene showed improved insulin sensitivity of both liver and peripheral tissues compared with wild-type mice, suggesting that reduced PPAR␥ expression improved insulin sensitivity (8) . In contrast, recently described naturally occurring human substitutions P467L and V290M, which inhibit PPAR␥ trans-activation in a dominant negative fashion, cause insulin resistance, hypertension, hypertriglyceridemia, and early-onset diabetes (9) . Other mutations of PPAR␥ (Pro 115 Gln) appear to cause severe obesity, consistent with the key role proposed for PPAR␥ in adipocyte differentiation (10) . Thus, rare human variants and experimental models support a key role for PPAR␥ in the modulation of insulin sensitivity, obesity, hypertension, and triglyceride (TG) levels. In contrast to rare PPAR␥ variants, Yen et al. (11) described a common variant, Pro 12 Ala (P12A), in an alternatively spliced exon B of the PPAR␥ 2 isoform. This variant is present in most populations. In population-based studies, Beamer (12) subsequently reported an association of the P12A allele with higher body mass index (BMI), higher waist to hip ratio, higher waist circumference, and possibly altered lipid profile. Deeb et al. (13) , on the other hand, reported that the same allele was associated with improved insulin sensitivity, lower insulin levels, and lower BMI in middle-aged Finnish men and women and found a similar trend in elderly Finns and Japanese Americans. The P12A variant appears to have reduced trans-activation capacity (14) . Meirhaeghe et al. (15) suggested that P12A altered the relationship between leptin and adiposity. Subsequent studies of the P12A variant have found variable effects on obesity, lipids, and glucose homeostasis. Several studies were unable to replicate the association with these traits (16) . Valve et al. (17) found no association with obesity, but a higher BMI among obese women with the variant. Ek et al. (18) found a variable effect on BMI depending on the subject's level of obesity. Knoblauch et al. (19) found both linkage to and association with high density lipoprotein cholesterol levels, low density lipoprotein cholesterol concentration, and BMI in healthy, nonobese dizygotic twins. Koch et al. (20) found no effect in offspring of diabetic subjects, but reported an association of the P12A allele with improved insulin sensitivity in obese subjects. Thus, the role of this variant is unclear and controversial. We are unaware of published studies that have used a family-based association strategy in familial T2DM to address these questions.
We used a multivariate, family-based likelihood approach to test the role of the PPAR␥ 2 P12A variant on quantitative traits related to obesity, glucose homeostasis, lipids, and blood pressure. In the present study we examined 619 nondiabetic members of 52 families that were ascertained for at least 2 siblings with T2DM. Using this approach, we confirm that the common P12A variant of PPAR␥ 2 impacts traits commonly associated with the insulin resistance syndrome in members of families with a strong history of T2DM.
Experimental Subjects
Families were ascertained for at least 2 siblings who were diagnosed with T2DM before age 65 yr. At most, 1 parent was known to have T2DM. All subjects were of Northern European ancestry. All available parents and siblings of the index sibling pair were studied, as were any available offspring of diabetic siblings. Details of the study population have been described previously (21) . The study population comprised 619 individuals for whom genotypic data were available, including 355 nondiabetic individuals, 239 diabetic individuals, and 25 individuals who were not tested or had probable type 1 diabetes and were thus considered of unknown diagnosis. Each participant in the study gave informed consent under a protocol approved by the institutional review board of the University of Utah Health Sciences Center (Salt Lake City, UT). All clinical studies were performed at the University of Utah General Clinical Research Center.
Materials and Methods

Phenotypic analysis
All nondiabetic family members underwent a standard 75-g oral glucose tolerance test after an overnight fast. Both insulin and glucose were measured at baseline, 30, 60, 90, and 120 min using a protocol previously described (22) . Weight was measured on a digital scale, and height was measured by a wall-mounted stadiometer. Waist circumference was determined as the mean of 3 measurements at the umbilicus, and hip as the mean of 3 measurements at the greatest diameter (22) . Systolic and diastolic blood pressure were determined as the mean of three measures at 30-s intervals with the subject sitting quietly and the cuff deflated between measures (22) . All subjects had fasting levels of total cholesterol (TC) and TG determined. Insulin and glucose levels at 30 min and waist and hip measures were not available for many subjects tested early in the study. A subset of 124 individuals underwent frequently sampled iv glucose tolerance testing as described previously (23) , with determination of insulin sensitivity, acute insulin response to glucose, and disposition index.
Quantitative indices
Insulin was measured by RIA in one of two laboratories, as described previously (22, 24) . Glucose was measured by the glucose oxidase method. Lipids were measured by standard methods. Leptin was measured in a subset of families by RIA (Amgen, Inc. Thousand Oaks, CA). BMI was calculated as weight (kilograms)/height (meters) 2 ; the waist/ hip ratio was calculated as the mean waist circumference divided by the mean hip circumference (22) . Insulin sensitivity was determined by minimal model calculation of the insulin sensitivity index (S I ) from iv glucose tolerance test data (22) . For all other nondiabetic individuals, insulin sensitivity was determined from the homeostatic model assessment (HOMA) as the product of baseline (fasting) insulin and glucose (25) .
Genotypic analysis
Genotype at position 12 in exon B of the PPAR␥ 2 isoform was determined in 580 members of 52 families. Genotypes were unambiguously inferred for an additional 39 family members. Enzymatic amplification was performed using Taq polymerase and primers GCCAATTCAAGCCCAGTC (forward) and GATATGTTGCAGA-CAGTGTATCAGTGAAGGAATCGCTTTCCG (reverse), with annealing temperature of 66 C for 10 cycles and 62 C for 20 cycles. The amplification product was digested with 10 U BstUI (New England Biolabs, Inc., Gaithersburg, MD) for 4 h at 60 C, separated on 2% agarose (1:2, NuSieve-Seakem, FMC Bioproducts, Rockland, ME), and detected with ethidium bromide staining (11, 26) .
Statistical analysis
The areas under the insulin and glucose curves were estimated using the trapezoidal rule, including only individuals for whom measurements were available at 0, 30, 60, 90, and 120 min. Homeostatic model of insulin resistance (HOMA-IR) was computed as the product of fasting insulin and fasting glucose. A surrogate measure of insulin secretion was computed as (60 min insulin Ϫ fasting insulin)/60 min glucose, because this measure was available for all individuals and showed the best correlation of available measures with both the widely used ⌬30 min insulin/⌬30 min glucose and the acute insulin response to iv glucose (unpublished data; r ϭ 0.70 and 0.42, respectively). Values for insulin area, HOMA-IR, insulin secretion, leptin, TG, and cholesterol were natural logarithm transformed to normality. Each quantitative variable or transformed variable was adjusted for gender and age; insulin area, HOMA-IR, and insulin secretion were also adjusted for the laboratories in which the insulin measurements were made.
The effect of the P12A variant on each trait of interest was evaluated using likelihood analysis (27) . We used this likelihood analysis to estimate the allele frequency and to test for an effect of the P12A variant on each of the quantitative variables related to obesity, glucose homeostasis, or the insulin resistance syndrome and on liability to T2DM. We first performed a bivariate analysis of T2DM and each quantitative variable (trait) individually (Table 1) . Then we performed a multivariate analysis including T2DM and the six quantitative traits for which the initial bivariate analysis supported an effect of the P12A variant. By including T2DM in the model, we could account for age of onset and gender while evaluating PPAR␥ genotype effects on T2DM liability. For each bivariate and multivariate model, we tested the null hypothesis of no genetic effect of the P12A variant by comparing the likelihood of a submodel in which parameters were set to remove a genetic effect to a general model in which all parameters were maximized.
The model parameters included dominance (d i ), displacement (t i ), heritability (h 2 i ), and correlation ( ij ), where i and j designate traits that include both the adjusted quantitative variables under study and the liability to T2DM. The displacement is the difference between the trait means for the two homozygous genotypes, expressed as within-genotype SD. The dominance is the ratio of the difference in trait means between the heterozygous individuals and individuals homozygous for the P12/P12 genotype to the difference in trait means between the two homozygous genotypes. The heritability is the proportion of the withingenotype variance due to polygenes. The correlation is between the within-genotype variation for two variables (traits). This model is similar to one that we described previously (23) .
For each trait, we tested the hypothesis of no genetic effect of PPAR␥ by setting both dominance (d i ) and displacement (t i ) to 0 for that trait. We then compared the maximized likelihood with these constraints to the likelihood of the general model in which no constraints were imposed. When no P12A homozygotes were available for a trait, the dominance was fixed at 1, and only the displacement was tested; thus, if no P12A homozygotes were observed for a trait, the test had only 1 df. Otherwise, both d i and t i were estimated, and the test had 2 df. For traits in which diabetic pedigree members were excluded from the analysis, these individuals were considered to be unknown (missing values) for that quantitative trait. For the multivariate analysis, we sequentially tested each of the six traits included in the model by setting dominance and displacement to 0 for that trait while allowing these parameters to vary for all other traits. As in the bivariate analysis, each of the six submodels was then compared with the most general model in which all trait parameters were maximized.
We used the Pedigree Analysis Package (28) to calculate the likelihood; likelihoods were maximized using the GEMINI program (29) . We estimated each parameter as the value that maximized the likelihood. Hypotheses were tested for each trait by computing 2 statistics as twice the natural logarithm of the ratio of the maximized likelihood of the general model (all parameters estimated) to the maximized likelihood of the submodel for that trait (displacement and dominance fixed at 0 for that trait). Because we tested families ascertained for two diabetic siblings, we corrected our calculated likelihood estimate for this ascertainment by dividing it by the probability that we would observe a sibling pair diagnosed with T2DM in the general population under that analytical model.
We incorporated T2DM into our multivariate model by assuming that an unmeasurable quantitative liability variable underlies T2DM susceptibility (30) . That liability was distributed as a mixture of three multivariate normal densities (31) . The area for each of these three curves was determined by the PPAR␥ genotype, and genotype frequencies were determined from allele frequencies under the assumption of Hardy-Weinberg equilibrium. The total liability for each age bracket was taken from the age-, gender-, and obesity-specific figures of Melton et al. (32) . The population incidence of T2DM at any age was thus determined by the sum of the areas of each of the three genotype-determined curves at that age. Individuals at younger ages had correspondingly higher liabilities.
Results
The In addition, the genotypes of 39 pedigree members (36 homozygous members, 3 heterozygous members) could be inferred from the known genotypes for a total of 619 genotypes available for analysis. Allowing for relationships among pedigree members, we estimated the frequency of the P12A allele in this sample as 12.1 Ϯ 1.7%, consistent with estimates of 11-15% in samples of unrelated Caucasians (11, 12, 16, 17) . Therefore, the frequency among individuals ascertained for a strong family history of T2DM was not increased above that in the general population.
We tested each of the quantitative variables related to glucose tolerance, insulin sensitivity, obesity (BMI, waist circumference, waist/hip ratio, leptin), and the insulin resistance syndrome (cholesterol, TG, blood pressure) for linkage to marker D3S1263, which is located only 1.5 Mb from PPAR␥ (33) . No trait showed significant linkage using the variance component approach implemented in the SOLAR algorithm (34) (data not shown). The highest LOD score obtained was 0.88 for TG levels. The absence of support for linkage is consistent with a small effect size for the PPAR␥ gene.
Direct measures of insulin secretion as acute insulin response to glucose (AIR g ), insulin sensitivity as insulin sensitivity index (S I ), and ␤-cell compensation to insulin resistance (disposition index ϭ S I ϫ AIR g ) were available for 124 family members who underwent iv glucose tolerance testing (23) . No significant effect of the P12A variant was found for any of these variables using either the multivariate model described above (Materials and Methods) or a mixed effect model that included family membership as a random factor (35) .
Each trait in Table 1 was then tested in a bivariate analysis. Variables that attained significance at P Ͻ 0.1 were subsequently included in the multivariate analysis (Table 2) . BMI, systolic blood pressure, diastolic blood pressure, TG, and glucose area under the curve retained significance in the multivariate model, whereas TC was no longer significant when all variables were included in the model. These results suggested that P12A may act indirectly on TC through correlated variables, thus explaining the weak effect noted in the bivariate analysis. In support of this possibility we found a correlation between TC and TG in the full sample of 0.34 (P Ͻ 0.001).
Although we did not find an increase in the overall frequency of the P12A in this population, the proportion of individuals with T2DM increased with the number of P12A alleles, from 39% in P12 homozygous individuals to 45% in The statistic was calculated with 1 df for glucose and insulin levels, where no A12/A12 homozygous individuals were observed; all other analyses are with 2 df. P values are shown as calculated without correction for multiple testing. BMI, Body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglycerides; NS, P Ͼ 0.10.
a Nondiabetic subjects were considered to have missing data for this trait.
b HOMA-IR ϭ fasting insulin ϫ fasting glucose. c Insulin secretion ϭ (60-min insulin Ϫ fasting insulin)/60-min glucose.
P12/A12 heterozygous individuals and 70% among A12 homozygous individuals. Nonetheless, the effect of P12A on liability to T2DM in the model was not significant ( 2 (4) ϭ 2.40; P Ͼ 0.05). Our inability to detect a significant effect on diabetes liability may have resulted from the small number of A12 homozygous individuals.
Discussion
The P12A allele appears to have reduced trans-activation efficiency (13) and reduced ability to stimulate adipogenesis in response to thiazolidinedione activation (14) . Nonetheless, effects in association studies in man have been variable, both in the ability to detect an effect on obesity and glucose homeostasis and in the direction of that effect. More severe defects in PPAR␥ activity suggest that reduced PPAR␥ function results in glucose intolerance, hypertension, insulin resistance, and hypertriglyceridemia (9) . On the other hand, the Pro 115 Gln mutation appears to inhibit phosphorylation at Ser 114 , increases PPAR␥ activity, leads to fat accumulation in vitro, and is associated with obesity in carriers of the mutation. Furthermore, mice heterozygous for a null allele of PPAR␥ show increased, rather than reduced, insulin sensitivity (8) . Thus, even in rare human mutations, in vitro experiments, and experimental mouse models, the phenotypic effects of PPAR␥ variants are difficult to predict. Complex interactions may explain these variable results, including the apparently variable effects of the more common P12A variant despite in vitro evidence for reduced activity of the P12A allele.
Like others, we found no evidence that the P12A variant plays a role in susceptibility to T2DM. First, we observed no evidence of linkage in this region to T2DM (23) . Second, we observed no increase in the frequency of the P12A allele above randomly selected Caucasian individuals. Finally, we observed no significant effect on diabetes liability in our multivariate model. Nonetheless, the prevalence of diabetes was increased among P12A homozygous individuals, and P12A was associated with a significant effect on glucose area. A larger study with more P12A homozygous individuals might detect a significant effect, but other large studies likewise found no association of P12A with diabetes (16, 36) . We were also unable to demonstrate an effect on insulin sensitivity, measured directly using the minimal model or using the surrogate measures fasting insulin and HOMA-IR. We may have lacked the power to detect an effect in the subset of individuals who underwent iv glucose tolerance testing, and surrogate measures show a correlation of only r ϭ 0.6 with direct measures of insulin sensitivity (37). Deeb (13) suggested improved insulin sensitivity with this variant, and Koch et al. (20) suggested improved insulin sensitivity among obese subjects. However, both results appear inconsistent with the observation that the P12A allele has reduced transactivation in vitro. In contrast, PPAR␥ agonists improve insulin sensitivity by activating PPAR␥ (7). This paradox may result from an interaction of the PPAR␥ variant and obesity (18) . Alternatively, P12A could be in linkage disequilibrium with an undiscovered variant elsewhere in the gene, and both the strength and the direction of that association might vary among populations.
Although we could not demonstrate an effect of the P12A variant on insulin sensitivity, we found an effect of the P12A variant on several traits that are associated with the insulin resistance syndrome: BMI, blood pressure, TG levels, and glucose tolerance as manifest by an increased glucose area. In this study the P12A variant acted more like a recessive than a dominant mutation; mean values for P12/A12 heterozygous individuals were closer to those for P12 homozygous individuals than to A12/A12 homozygous individuals. Unfortunately, our sample contained only 10 A12 homozygous individuals, and of these 10 the 7 diagnosed with T2DM were excluded from many analyses. A primary effect in these rare A12 homozygous individuals might explain our failure to find significant effects in other variables as well as the failure of other studies (16) to find an effect of the P12A allele or to find an effect in a different direction (13) . Nevertheless, the effect of P12A was not completely recessive, as heterozygous individuals had trait values elevated over those of P12 homozygous individuals in our population. Indeed, the impact of P12A on glucose area was apparent without inclusion of any homozygous A12 individuals.
Of all the variables tested, the P12A genotype had the greatest effect on TG levels. Correspondingly, significance was also highest for TG despite the reduced sample size that resulted from excluding pedigree members diagnosed with T2DM from this analysis. TC exhibited a similar trend, but did not achieve significance. This effect may have resulted from a correlation with TG ( ϭ 0.35), rather than any direct effect of P12A on TC. Other investigators also reported an effect of P12A on TG. Knoblauch et al. (19) found both linkage of TG to the PPAR␥ gene and an association of TG with the specific P12A allele in healthy, nonobese siblings. Beamer et al. (12) found increased TG among P12A carriers, but only in Genotype means and significance levels for multivariate analysis of Table 1 variables with significance of P Ͻ 0.1 in bivariate analysis. BMI, Body mass index; SBP, Systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglycerides. The number of subjects is shown in parentheses for each genotype.
a Nondiabetic subjects were considered to have missing trait values for these analyses.
obese men. TG levels were also elevated by severe dominant negative mutations in PPAR␥ (9) . However, others were unable to find any effect on TG (26) . The P12A allele also significantly increased both systolic and diastolic blood pressure. Hypertension is part of the insulin resistance syndrome in Caucasians (38) and was reported by Barroso et al. (9) among carriers of dominant negative PPAR␥ mutations. Furthermore, thiazolidinediones lower blood pressure in Japanese T2DM subjects (39) . However, others found no significant association of P12A with blood pressure (26) .
We found an effect of P12A on BMI that was of similar magnitude to the effect on blood pressure. The P12A allele has been reported previously to increase BMI (12) and to increase BMI among obese Caucasian subjects (17) . However, others reported either decreased BMI (13, 18) or no effect on obesity (19, 26, 36) . In contrast with some studies (12), we found no effect of the P12A allele on either waist circumference or waist to hip ratio. However, this measure was not available in all family members, and our power was thus more limited than for BMI.
We previously reported (40) evidence of two recessive obesity loci in a subset of these pedigrees that increased the mean BMI in homozygous individuals to 32 kg/m 2 and 39 kg/m 2 , respectively. PPAR␥ does not appear to represent either of these loci. In contrast to the predicted recessive obesity loci, the P12A allele increased the mean BMI to only 27.5 kg/m 2 for heterozygous individuals and 30 kg/m 2 for A12 homozygous individuals. Furthermore, using the two locus recessive model, we rejected linkage to microsatellite marker D3S1263 at 1% recombination fraction, with LOD scores of Ϫ1.37 for the moderate obesity locus and Ϫ6.67 for the extreme obesity locus. D3S1263 is only 1.5 Mb from PPAR␥ (33) . We also rejected linkage of BMI to this region using the relatively model-independent variance components method. In contrast, Knoblauch et al. (19) did find linkage of the PPAR␥ gene to BMI in normal siblings.
Another PPAR␥ variant, a C to T substitution in exon 6, showed similar frequency and effects on BMI as P12A in some studies (17) . Because this variant is in strong linkage disequilibrium with P12A (17) , is synonymous (i.e. does not alter an amino acid), and thus is probably silent, we tested only the putative functional variant.
Deeb et al. (13) found that the association of P12A with insulin sensitivity disappeared when corrected for BMI. We similarly found that some apparent effects disappeared when viewed in a multivariate analysis. Thus, despite well demonstrated PPAR␥ effects on insulin sensitivity, the primary effect of this variant indeed may be on body weight.
To our knowledge, the current study is the first to examine the effect of PPAR␥ in family members at high risk for T2DM. The study of a large number of members of only 52 families required us to account for both nonindependence of the observations and the ascertainment bias of the families. The likelihood analysis used here provides for these corrections, whereas an ANOVA (data not shown), which cannot correct for these biases, provided much lower levels of significance. In this analysis the greatest effect was among the relatively few A12 homozygous individuals. Because of the small number of such individuals, we chose not to subdivide the population further according to obesity or gender to test for differences. Nonetheless, we show that among individuals in whom the insulin resistance syndrome is prevalent and who are at considerably increased risk for T2DM, the P12A allele contributes to the genetic susceptibility to increased BMI, TG, blood pressure, and glucose. One would expect a similar finding in families at lower risk for T2DM, because we were unable to demonstrate a significant impact of P12A on T2DM liability. However, P12A might be interacting with an as yet unidentified risk factor for diabetes that segregates in high risk families, and such interactions may help explain the inconsistent strength and direction of the associations of this variant with the traits of the insulin resistance syndrome.
